The epidermal growth factor (EGF)-receptor family member ErbB2 is commonly overexpressed in human breast cancer cells and correlates with poor prognosis. Geldanamycin (GA) induces the ubiquitylation, intracellular accumulation and degradation of ErbB2. Whether GA stimulates ErbB2 internalization is controversial. We found that ErbB2 was internalized constitutively at a rate that was not affected by GA in SK-BR-3 breast cancer cells. Instead, GA treatment altered endosomal sorting, causing the transport of ErbB2 to lysosomes for degradation. In contrast to earlier work, we found that ErbB2 internalization occurred by a clathrin-and tyrosine-kinaseindependent pathway that was not caveolar, because SK-BR-3 cells lack caveolae. Similar to cargo of the glycosylphosphatidylinositol (GPI)-anchored protein-enriched early endosomal compartment (GEEC) pathway, internalized ErbB2 colocalized with cholera toxin B subunit, GPI-anchored proteins and fluid, and was often seen in short tubules or large vesicles. However, in contrast to the GEEC pathway in other cells, internalization of ErbB2 and fluid in SK-BR-3 cells did not require Rho-family GTPase activity. Accumulation of ErbB2 in vesicles containing constitutively active Arf6-Q67L occurred only without GA treatment; Arf6-Q67L did not slow transport to lysosomes in GA-treated cells. Further characterization of this novel clathrin-, caveolae-and Rhofamily-independent endocytic pathway might reveal new strategies for the downregulation of ErbB2 in breast cancer.
Introduction
ErbB2 is a member of the ErbB family of receptor tyrosine kinases, which also includes the epidermal growth factor receptor (EGFR or ErbB1) (Yarden and Sliwkowski, 2001) . ErbB2 is the preferred heterodimerization partner of the other ErbB family members and enhances their signaling, although it has no known ligand of its own (Graus-Porta et al., 1997; Lenferink et al., 1998) . ErbB2 is overexpressed in 20-30% of human breast cancers and is associated with poor prognosis (Slamon et al., 1987) . Thus, ErbB2 downregulation is an important goal in the treatment of breast cancer.
Unlike other ErbB proteins, ErbB2 binds constitutively to the chaperone Hsp90 (Xu et al., 2001 ). The ansamycin antibiotic geldanamycin (GA) releases Hsp90 from its client proteins, destabilizing them (Hohfeld et al., 2001; Richter and Buchner, 2001) . Following release of Hsp90 from ErbB2, both Hsp70 and the co-chaperone E3 ubiquitin-protein ligase CHIP (CHIP) are recruited to the receptor (Citri et al., 2004; Xu et al., 2002; Zhou et al., 2003) . CHIP ubiquitylates ErbB2, leading to its intracellular accumulation and degradation with a half life (t 1/2 ) of about 2 hours. The GA analog 17-allylamino, 17-demethoxygeldanamycin is in clinical trials for the treatment of ErbB2-dependent breast cancer (Sharp and Workman, 2006) . The step(s) at which GA affects ErbB2 endocytic transport remain controversial. One group found that interactions of the cytoplasmic domain of ErbB2 with unknown binding partner(s) normally stabilize the protein at the plasma membrane and make it resistant to internalization (Hommelgaard et al., 2004; Lerdrup et al., 2007) . They found that GA overcame this effect and stimulated ErbB2 internalization (Lerdrup et al., 2006) . By contrast, a second group found that ErbB2 was constitutively internalized, but normally recycled efficiently so that most of the protein was on the plasma membrane at steady state (Austin et al., 2004) . In their hands, GA did not affect internalization of ErbB2, but altered sorting in endosomes, reducing recycling and leading to accumulation inside multivesicular bodies (MVBs) (Austin et al., 2004) .
Early reports suggested that, after release of Hsp90, ErbB2 is degraded by proteasomes, rather than in lysosomes (Citri et al., 2002; Mimnaugh et al., 1996; Way et al., 2004) . However, later work suggested that ErbB2 is transported through early and late endosomes for degradation in lysosomes. Internalized ErbB2 colocalizes with transferrin (Tf) and is present in internal vesicles inside MVBs, suggesting transport to lysosomes for degradation (Austin et al., 2004) .
ErbB2 degradation was initially reported to be insensitive to lysosomal inhibitors (Citri et al., 2002; Mimnaugh et al., 1996; Way et al., 2004) . However, later work showed that a cytoplasmic-domain fragment is cleaved from Erb2 in GA-treated cells, rendering the protein undetectable by antibodies previously used on blots (Tikhomirov and Carpenter, 2000; Tikhomirov and Carpenter, 2001) . Use of an extracellular-domain-specific antibody showed that lysosomal inhibitors stabilize a clipped 135 kDa form of ErbB2 in GA-treated cells (Tikhomirov and Carpenter, 2000) . Proteasome inhibitors were later shown to retard ErbB2 degradation in GAtreated cells indirectly, by inhibiting internalization (Lerdrup et al., 2006) . Even intact ErbB2 was found to be internalized and degraded in lysosomes upon GA treatment (Lerdrup et al., 2006) .
In this paper, we examined the internalization of ErbB2 in GAtreated breast cancer cells. We found that GA did not affect the rate of ErbB2 internalization. In contrast to a previous report (Austin et al., 2005) , we found that ErbB2 was internalized by a clathrin-independent pathway. ErbB2 was internalized by a similar pathway in transfected COS-7 cells, showing the generality of this finding.
Cells exhibit a number of clathrin-independent endocytic pathways (Conner and Schmid, 2003; . Endocytosis in caveolae requires caveolin-1 and dynamin, and tyrosine-kinase activity . A similar pathway, which is found in cells that lack caveolin-1, also requires tyrosine-kinase activity (Damm et al., 2005) . CHO cells internalize glycosylphosphatidylinositol (GPI)-anchored proteins, but not transmembrane proteins, into GPI-anchored protein-enriched early endosomal compartments (GEECs), which additionally contain fluid-phase markers (Sabharanjak et al., 2002; Kalia et al., 2006; Chadda et al., 2007; Kumari and Mayor, 2008) .
Cholera toxin B subunit (CtxB) binds the ganglioside GM1 and can be internalized by several different means, including the clathrin-mediated and caveolar pathways (Lencer and Saslowsky, 2005; Sandvig and Van Deurs, 2002) . At least in some cells, most CtxB is taken up into clathrin-and caveolin-independent carriers (CLICs), which have a distinctive tubular and ring-like morphology . These also contain internalized GPIanchored proteins and fluid, suggesting that they are the same as GEECs .
In contrast to CHO cells, HeLa cells do not have a dedicated pathway for internalization of GPI-anchored proteins. In these cells, both GPI-anchored and transmembrane proteins follow a nonclathrin, non-caveolar endocytic pathway that is regulated by Arf6 (Naslavsky et al., 2003; Naslavsky et al., 2004) . Constitutively active Arf6-Q67L causes cargo of this pathway to accumulate in enlarged vacuoles (Naslavsky et al., 2003; Naslavsky et al., 2004) . The swollen vacuoles induced by Arf6-Q67L were proposed to represent an intermediate compartment, upstream of early endosomes (Naslavsky et al., 2003) . Arf6-Q67L slows exit from this compartment, leading to swelling. As expected from this model, Arf6-Q67L blocked the normal transport of GPI-anchored proteins to Rab5-positive early endosomes and then on to lysosomes, and also blocked degradation of cargo that accumulated in the Arf6-Q67L-positive vacuoles (Naslavsky et al., 2003) .
By contrast, the GEEC pathway in CHO cells is not regulated by Arf6 (Kalia et al., 2006) . However, both the Arf6-regulated and GEEC pathways rapidly merge with the 'classical' clathrin-mediated pathway at the level of Rab5-positive early endosomes (Kalia et al., 2006; Naslavsky et al., 2003) .
Several clathrin-independent endocytic pathways require Rhofamily GTPase activity (Mayor and Pagano, 2007) . For instance, RhoA is required for the uptake of interleukin-2 receptor in T cells (Lamaze et al., 2001 ) and of albumin in CHO cells (Cheng et al., 2006) . Cdc42 is required for efficient fluid-phase uptake in immature dendritic cells (Garrett et al., 2000) and for the GEEC pathway in CHO cells (Chadda et al., 2007; Sabharanjak et al., 2002) .
Here, we showed that, in SK-BR-3 cells both with and without GA treatment, ErbB2 was internalized via a non-clathrin, noncaveolar pathway together with a GPI-anchored protein, CtxB, and fluid. In GA-treated cells, ErbB2 was then transported to lysosomes for degradation. Although ErbB2 accumulated in Arf6-Q67L-positive vacuoles in the absence of drug treatment, Arf6-Q67L did not slow ErbB2 transport to lysosomes in GA-treated cells. Endocytosis of ErbB2 and fluid in SK-BR-3 cells did not require Rho-family GTPase function.
Results

ErbB2 internalization in GA-treated SK-BR-3 cells is independent of clathrin
Immunofluorescence microscopy showed high levels of ErbB2 on the surface of SK-BR-3 cells (Fig. 1A) , as reported previously (Austin et al., 2004; Hommelgaard et al., 2004) . Also as reported (Austin et al., 2004; Hommelgaard et al., 2004) , fluoresceinconjugated surface-bound anti-ErbB2 antibodies (Fl-anti-ErbB2) did not greatly affect ErbB2 localization (Fig. 1B) . By contrast, after 2-3 hours of GA treatment, ErbB2 was abundant in intracellular punctae, whereas surface localization was reduced (Fig. 1C) .
To determine the role of the clathrin pathway in ErbB2 endocytosis in GA-treated cells, we first used chlorpromazine (CPZ), a cationic amphiphile that inhibits this pathway (Wang et Journal of Cell Science 121 (19) ., 1993) . CPZ efficiently inhibited the uptake of Alexa-Fluor-594-conjugated Tf, but did not block ErbB2 internalization (Fig. 1D,E) . After CPZ treatment, structures containing internalized ErbB2 sometimes had a tubular morphology (D.J.B., unpublished), which might have resulted from the ability of CPZ to induce membrane curvature (Lange and Steck, 1984) . Cell-based enzyme linked immunosorbent assay (CELISA) showed that CPZ inhibited the uptake of biotinylated Tf (Fig. 1F ), but did not affect the internalization of biotinylated anti-ErbB2 antibodies (Fig. 1G) .
We next determined whether, soon after internalization, ErbB2 colocalized with markers of the clathrin pathway. Most ErbB2-positive punctae did not label for rhodamine-conjugated Tf (RhTf) ( Fig. 1 and Fig. 2A,E,H) . By contrast, internalized EGFR and Tf colocalized extensively with each other (Fig. 2B,H) . ErbB2 did not colocalize significantly with clathrin (Fig. 2C,F) , whereas EGFR did (Fig. 2D,G) . ErbB2-positive structures often had a distinctive morphology (either short tubules, or round structures with visible lumens), captured most clearly in favorable epifluorescence images ( Fig. 2A,E ). These images also showed that ErbB2-positive structures remained closer to the plasma membrane than Rh-Tfpositive structures after 5 minutes of internalization. These results showed that ErbB2 did not colocalize with markers of the clathrindependent internalization pathway soon after internalization in GAtreated cells, and suggested that it was internalized by a different mechanism.
Eps15 associates with the clathrin coat and is required for clathrinmediated uptake (Conner and Schmid, 2003) . Dynamins mediate endocytic vesicle scission and are required for both clathrinmediated and caveolar endocytosis (Conner and Schmid, 2003) . Dominant-negative forms of Eps15 and dynamin-1 had similar effects in GA-treated SK-BR-3 cells: Rh-Tf uptake was inhibited, whereas ErbB2 internalization was still detected (Fig. 3A,B ). Results were quantified (Fig. 3C,D) by counting the number of cells that were positive or negative for internalization of ErbB2 and Tf.
Together, these results showed that ErbB2 was internalized primarily by a clathrin-independent mechanism in GA-treated SK-BR-3 cells. We next compared ErbB2 internalization to other clathrin-independent endocytic pathways.
ErbB2 internalization does not require tyrosine-kinase activity
Because SK-BR-3 cells do not express caveolin-1 and lack caveolae (Hommelgaard et al., 2004) , ErbB2 cannot be internalized by caveolar endocytosis in these cells. However, a 'caveolar-like' pathway that is followed by cargoes that are normally internalized in caveolae, can exist in cells that lack caveolae. Endocytosis by this pathway is inhibited by the tyrosine-kinase inhibitor genistein (Damm et al., 2005; Sharma et al., 2004) . We next determined whether ErbB2 internalization was sensitive to genistein. As a positive control, we verified that genistein inhibited the EGFinduced stimulation of tyrosine-kinase activity and the internalization of tyrosine-phosphorylated substrates. SK-BR-3 cells express EGFR, although at lower levels than ErbB2 (Beerli et al., 1995) . In untreated serum-starved cells (D.J.B., unpublished) and in cells treated with GA alone (Fig. 4A , middle), antiphosphotyrosine staining was usually dim and was largely restricted to the plasma membrane. However, after EGF treatment, internal punctae stained brightly with anti-phosphotyrosine antibodies (Fig. 4B, middle) . As previously reported (Haslekås et al., 2005; Wang et al., 1999) , EGF did not alter the distribution of ErbB2 (Fig. 4B , top). As expected, both ErbB2 and tyrosine-phosphorylated substrates were internalized in cells treated with EGF and GA together (Fig. 4C ). Genistein treatment blocked tyrosine phosphorylation in cells treated with EGF and GA, but ErbB2 internalization remained robust (Fig. 4D ). CELISA analysis showed that genistein did not inhibit, and in fact slightly stimulated, ErbB2 internalization (Fig. 4E ). This is consistent with a report that ErbB2 internalization in GA-treated cells does not require its tyrosinekinase activity (Xu et al., 2001) , and also shows that no other tyrosine kinase is required. (-) . Cells showing at least three intracellular punctae were scored positive. Numbers shown are averages of two experiments (counting at least 100 transfected and 100 untransfected cells in each experiment), the data from which varied by <10%. Fig. 4 . Genistein inhibits EGF-stimulated tyrosine-kinase activity but not ErbB2 internalization. SK-BR-3 cells were serum-starved overnight, treated as described below for the individual panels, fixed and permeabilized. Cells were treated with: (A) GA for 2 hours; (B) 100 ng/ml EGF for 10 minutes; (C) GA for 2 hours, with 100 ng/ml EGF added for the last 10 minutes; and (D) 100 μg/ml genistein for 1 hour, then GA added for another 2 hours and 100 ng/ml EGF added for the last 10 minutes. Deconvolved images from z-stacks are shown. ErbB2 (green, top) and phosphotyrosine (P-Tyr; red, middle) were detected by immunofluorescence. Bottom: merged images. Scale bar: 10 μm. (E) SK-BR-3 cells were pretreated with GA (circles) or GA + 100 μg/ml genistein (squares) for 45 minutes before binding biotinylated anti-ErbB2 antibodies and warming for 0-5 minutes. Internalized antibodies were quantified by CELISA. Values shown are the mean ± s.e.m. of three experiments.
These observations suggest that ErbB2 is internalized by a pathway that is similar to the GEEC pathway (Kalia et al., 2006; Sabharanjak et al., 2002) . Also in common with the GEEC pathway, the PI(3) kinase inhibitor LY294002 did not inhibit ErbB2 internalization (supplementary material Fig. S1 ).
GA treatment does not affect ErbB2 internalization
We next wanted to determine whether ErbB2 was internalized by the same pathway in the absence of GA. ErbB2 that internalized without GA for 2 or 5 minutes was indistinguishable from that internalized in drug-treated cells (D.J.B., unpublished). As in GAtreated cells (Fig. 5) , newly internalized ErbB2 colocalized with PLAP, CtxB and dextran in cells that were not treated with the drug (Fig. 6A-D) . Furthermore, in agreement with a previous report (Austin et al., 2004) , CELISA showed that the presence of GA did not affect the rate of ErbB2 internalization (Fig. 6E) . We conclude (E) Colocalization of ErbB2 and CtxB, or ErbB2 and PLAP, in cells treated as in A-C (except that internalization was for 2 minutes) was quantified. To measure the colocalization of ErbB2 and Thy1.1, SK-BR-3 cells transfected with Thy1.1 were treated with GA for 1 hour. Fl-anti-ErbB2 and Alexa-Fluor-594-anti-Thy1 Fab fragments were bound on ice, and cells warmed for 2 minutes. Residual surface-bound antibodies were acid-stripped before fixation, visualization and quantification. that GA does not affect the rate of ErbB2 internalization or the endocytic pathway that is followed.
Internalization of ErbB2 and fluid in SK-BR-3 cells does not require Rho-family GTPase activity
We used C. difficile toxin B, a Rho-family GTPase inhibitor (Jank et al., 2007) , to determine whether a member of this family regulated fluid-phase uptake or ErbB2 endocytosis in SK-BR-3 cells. Growth factors stimulate macropinocytosis and fluid-phase uptake through the activation of Rac (Bryant et al., 2007; Ridley et al., 1992; Schnatwinkel et al., 2004) . To avoid possible confounding effects of growth-factor-stimulated macropinocytosis, we performed these studies in serum-starved cells. Newly internalized ErbB2 colocalized with fluid, PLAP and CtxB in serumstarved cells, showing that serum starvation did not alter the internalization pathway of ErbB2 (supplementary material Fig. S2 ).
As expected, C. difficile toxin B completely abolished stress fiber formation, a process that requires RhoA function (Pellegrin and Mellor, 2007) (Fig. 7A) . The toxin also drastically altered cell morphology, presumably by inhibiting Rho-family proteins that regulate the actin cytoskeleton (Fig. 7B,C) . (Cell-surface ErbB2 was visualized in these cells after dextran internalization, serving as a marker of cell shape.) Nevertheless, the toxin did not greatly affect internalization of ErbB2 or a fluid-phase marker, as judged by fluorescence microscopy and biochemical internalization assays ( Fig. 7B-E) . As expected from this result, dominant-negative forms of Cdc42 and RhoA did not block ErbB2 internalization (supplementary material Fig. S3 ). We conclude that Rho-family proteins are not required for ErbB2 internalization in SK-BR-3 cells. This property distinguishes the internalization pathway that is followed by ErbB2, fluid and GPI-anchored proteins in these cells from the GEEC pathway described in CHO cells (Sabharanjak et al., 2002) .
ErbB2 is transported to early and late endosomes and is degraded in lysosomes in GA-treated cells ErbB2 colocalized significantly with Rh-Tf at long internalization times (Fig. 8A ). This suggested that ErbB2 merged with the classical endocytic pathway following internalization. Consistently, and in agreement with earlier work (Austin et al., 2004) , after 2 hours of GA treatment, ErbB2 colocalized with the early endosome markers EEA1 and Rab5 (Fig. 8B,C) , and accumulated inside enlarged endosomes that were present in cells expressing constitutively active Rab5Q79L (Stenmark et al., 1994) (Fig. 8D) . ErbB2 was sometimes detected inside structures that were surrounded with EEA1 in an irregular form. That is, EEA1 did not have a uniform distribution on these endosomes but was concentrated in sub-regions that appeared thicker than a single membrane and sometimes protruded from the endosome surface (Fig. 8B) . These structures are probably the same as immature CD63-negative MVBs, which are surrounded by Tf-positive tubules, in which ErbB2 was detected in the interior vesicles by electron microscopy after 3 hours of GA treatment (Austin et al., 2004) . The irregular appearance of EEA1 might reflect its localization in these tubules. After prolonged GA treatment, ErbB2 also colocalized with the late endosome markers GFP-Rab7 and CD63 (Fig. 9) . Austin et al. reported little colocalization of ErbB2 with late endosome markers after 3 hours of GA treatment (Austin et al., 2004) . This might have resulted from rapid degradation following delivery to lysosomes. As expected, colocalization of ErbB2 with LAMP1 was enhanced when lysosomal proteases were inhibited with leupeptin (Fig. 9D) .
Lysosomotropic amines such as chloroquine raise the pH of endosomes and lysosomes and induce their swelling. Some groups have found that these compounds inhibit transport from early to late endosomes (Gu and Gruenberg, 2000) , whereas others have found no such effect (Vonderheit and Helenius, 2005) . ErbB2 colocalized with CD63 and LAMP1 in cells treated with GA and chloroquine (supplementary material Fig. S4) , showing that
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Fig. 7. C. difficile toxin B does not inhibit internalization of ErbB2 or fluid in SK-BR-3 cells. (A) SK-BR-3 cells grown for 48
hours on poly-Lys-coated coverslips were left untreated (Con) or were treated for 2 hours with 0.5 μg/ml C. difficile toxin B (Tox), fixed, permeabilized and incubated with rhodamine phalloidin (4 U/ml). Stress fibers were seen in about half of the control cells and <1% of treated cells. (B,C) Serum-starved SK-BR-3 cells on poly-Lys-coated coverslips were left untreated (B) or were treated for 2 hours with 0.5 μg/ml C. difficile toxin B (C) before addition of FluoroRuby dextran (1 mg/ml) for 10 minutes. After fixation, surface morphology was visualized with anti-ErbB2 antibodies and green secondary antibodies. PM, plasma membrane. Scale bar: 10 μm. (D,E) Internalization of biotinylated anti-ErbB2 antibodies (D) or biotinylated BSA (E) was measured by CELISA in serum-starved SK-BR-3 cells treated with GA (D, circles), GA + C. difficile toxin B (D, squares), C. difficile toxin alone (E, squares) or left untreated (E, circles) as described in the Materials and Methods. Where appropriate, cells were pre-incubated with C. difficile toxin B (0.5 μg/ml) for 2 hours at 37°C with the addition of GA for the last 45 minutes. Values shown are the mean ± s.e.m. of three experiments. transport of ErbB2 to late endosomes and lysosomes did not require acidic luminal pH in these organelles. Together, these results showed that, after internalization by a clathrin-independent pathway, ErbB2 is transported to early and late endosomes, and then to lysosomes for degradation.
To test this possibility further, we examined ErbB2 degradation in GA-treated SK-BR-3 cells by western blotting. Consistent with an earlier report (Tikhomirov and Carpenter, 2000) , a fragment of about 135 kDa that reacted with extracellular-domain-specific antiErbB2 antibodies accumulated in lysates of cells treated with GA and chloroquine (Fig. 10A, arrow) . Full-length ErbB2 also appeared to be stabilized under these conditions. Including both the full-length and 135-kDa forms of the protein in the quantification, we found that chloroquine substantially slowed ErbB2 degradation (Fig. 8B) . Thus, consistent with earlier results (Lerdrup et al., 2006; Tikhomirov and Carpenter, 2000) , at least a major fraction of ErbB2 is degraded in lysosomes.
Accumulation of ErbB2 in vesicles containing constitutively active Arf6-Q67L occurred only in the absence of GA
A non-clathrin-mediated endocytic pathway that is regulated by Arf6 has been described (Naslavsky et al., 2003; Naslavsky et al., 2004) .
Constitutively active Arf6-Q67L causes cargo of this pathway to accumulate in Arf6-Q67L-positive endosomes, which often become enlarged. To determine whether ErbB2 followed this pathway, we expressed HA-tagged Arf6-Q67L in SK-BR-3 cells, treated the cells with GA, and visualized Arf6-Q67L and ErbB2 localization. ErbB2 did not accumulate in Arf6-Q67L-positive endosomes (Fig. 11A) . Instead, ErbB2 partially colocalized with GFP-Rab5 and GFP-Rab7, showing that it reached early and late endosomes even in the presence of Arf6-Q67L (Fig. 11B,C) . By contrast, ErbB2 accumulated in enlarged Arf6-Q67L-positive endosomes, rather than Rab5-or Rab7-positive endosomes, when cells were not treated with GA (Fig. 11D-F) .
We wanted to determine whether Arf6-Q67L affected the degradation of ErbB2. However, the transfection efficiency of SK-BR-3 cells was too low for this. An alternate approach was to express ErbB2 in COS-7 cells, either alone or together with Arf6-Q67L. COS-7 cells express some endogenous ErbB2, which was detectable in our hands by western blotting but not by immunofluorescence microscopy. Western blotting showed that transfected ErbB2 was at least 5-to 10-times more abundant than endogenous ErbB2. Furthermore, immunofluorescence-microscopy analysis showed that at least 80% of cells in co-transfected dishes that expressed ErbB2 also expressed Arf6-Q67L. Thus, this system was feasible for determining the effect of Arf6-Q67L on ErbB2 degradation.
Before doing this, we characterized ErbB2 internalization and trafficking in transfected GA-treated COS-7 cells (supplementary material Fig. S5 ). After 2 minutes of internalization, most ErbB2 did not colocalize with newly internalized Alexa-Fluor-594-conjugated Tf (supplementary material Fig. S5A, top) . Instead, ErbB2 colocalized well with internalized Alexa-Fluor-594-CtxB, -Thy1 and -dextran at this time (supplementary material Fig. S5A , bottom three rows). Dominant-negative dynamin inhibited the internalization of Alexa-Fluor-594-Tf but not ErbB2 (supplementary material Fig. S5B ). After prolonged GA treatment, ErbB2 colocalized with early and late endosome markers (supplementary material Fig.  S5C ). We conclude that ErbB2 followed similar endocytic pathways in COS-7 and SK-BR-3 cells after GA treatment.
Arf6-Q67L did not affect ErbB2 degradation in GA-treated cotransfected COS-7 cells (Fig. 11G,H) . Together, these results suggest that, following ErbB2 internalization, Arf6-Q67L inhibited recycling (the normal fate of the protein in the absence of GA), but did not affect degradative transport of ubiquitylated ErbB2 through early and late endosomes to lysosomes in GA-treated cells.
Discussion
GA treatment does not affect ErbB2 internalization
Austin et al. reported that ErbB2 is internalized constitutively, at the same rate with and without GA treatment, and that GA affects ErbB2 trafficking only in endosomes (Austin et al., 2004) . They found that, in control cells, ErbB2 recycles to the plasma membrane following internalization, whereas GA induces sorting of ErbB2 into vesicles that bud into the interior of MVBs. Our results agree with these findings. By contrast, another group reported that ErbB2 is resistant to internalization (Hommelgaard et al., 2004) and that GA overcomes this resistance to facilitate endocytosis (Lerdrup et al., 2006; Lerdrup et al., 2007) .
The discrepancy between these results might stem from methodological differences. van Deurs and colleagues examined cells by immunofluorescence microscopy after 2-4 hours of GA treatment (Hommelgaard et al., 2004; Lerdrup et al., 2006; Lerdrup et al., 2007) . Because they saw internal ErbB2-positive punctae in these cells, but not in control cells, they concluded that ErbB2 underwent endocytosis only after GA treatment. However, by examining cells after short internalization times, Austin et al. showed that ErbB2 is endocytosed constitutively (Austin et al., 2004) . Nevertheless, because recycling to the surface is efficient, little internalized ErbB2 is seen at steady state. Examining endocytosis at early times might be especially important for proteins such as ErbB2, which might be internalized more slowly than cargo of the clathrin pathway ( Fig.  2A,E) . The balance between internalization and recycling might be tilted more heavily in favor of recycling for ErbB2 than for TfR, making it difficult to see internalized protein at steady state.
ErbB2 is internalized by a clathrin-independent pathway
In contrast to our findings, Austin et al. reported that several clathrinpathway inhibitors affected ErbB2 uptake (Austin et al., 2005) . We do not know the explanation for this difference. Austin et al. assayed for inhibition of internalization by binding labeled anti-ErbB2 antibodies to cells, warming for 3 hours with or without inhibitors and then quantifying internalized antibodies. The effects seen after this prolonged internalization time might have resulted from inhibition of recycling, rather than of initial internalization. In fact, prolonged CPZ treatment caused the accumulation of both Tf and ErbB2 in enlarged endosomes, suggesting that recycling was inhibited (D.J.B., unpublished).
Why is EGFR but not ErbB2 targeted to clathrin-coated pits?
Because EGFR and ErbB2 are very similar, it might seem surprising that ErbB2 is not targeted to clathrin-coated pits. Recent findings on the trafficking of EGFR and other ErbB family members can help explain this finding.
EGFR internalization does not require the clathrin adaptor AP2 (Hinrichsen et al., 2003; Motley et al., 2003) , but requires Grb2 Wang and Moran, 1996) and c-Cbl or Cbl-b Levkowitz et al., 1999) . c-Cbl binds tyrosine-phosphorylated EGFR both directly, through its SH2 domain (Galisteo et al., 1995; Levkowitz et al., 1999) , and indirectly, via Grb2 (Fukazawa et al., 1996; Meisner and Czech, 1995) , and ubiquitylates EGFR.
Whereas c-Cbl binds only to tyrosine-phosphorylated EGFR, internalization of ErbB2 in GA-treated cells does not require tyrosine phosphorylation. Furthermore, ErbB family members other than EGFR do not recruit c-Cbl even when activated (Levkowitz et al., 1996; Muthuswamy et al., 1999) . Even activated EGFR-ErbB2 heterodimers fail to bind c-Cbl, probably because ErbB2 is unable to phosphorylate the c-Cbl binding site on EGFR (Muthuswamy et al., 1999) . This could explain why EGFR is the only ErbB family member that is rapidly downregulated upon activation (King et al., 1988; Lenferink et al., 1998; Stern et al., 1986; Waterman et al., 1998) , and why the cytoplasmic domains of ErbB2-4 are internalization-impaired (Baulida et al., 1996; Sorkin et al., 1993; Waterman et al., 1999) . As expected, heterodimerization with ErbB2 inhibits EGFR downregulation following ligand binding (Haslekås et al., 2005; Lenferink et al., 1998; Lidke et al., 2004; Muthuswamy et al., 1999; Wang et al., 1999) .
It is not clear how c-Cbl stimulates EGFR internalization. According to one model, ubiquitylated EGFR is recognized by Journal of Cell Science 121 (19) ubiquitin-binding domains of proteins associated with the clathrin coat (de Melker et al., 2004; Fallon et al., 2006; Haglund et al., 2003; Stang et al., 2004) . Alternatively, ubiquitylation might target EGFR for clathrin-independent internalization (Sigismund et al., 2005) . By contrast, other workers have proposed that ubiquitylation is not required for EGFR internalization (Duan et al., 2003) and that the essential role of c-Cbl in EGFR internalization is independent of ubiquitylation (Huang et al., 2006; Soubeyran et al., 2002) . In fact, EGFR Lys mutants, which show 70-80% reduced ligand-stimulated ubiquitylation, are internalized normally (Huang et al., 2006) . A ubiquitin-independent role of c-Cbl in EGFR internalization would probably involve a complex of c-Cbl, CIN85 and endophilin; this complex has been reported to be required for EGFR endocytosis (Soubeyran et al., 2002) . In any case, an essential role for c-Cbl in efficient EGFR internalization seems clear. The failure of ErbB2 to bind c-Cbl could explain why it is not targeted to clathrin-coated pits.
If ubiquitylation signals for EGFR internalization, then ubiquitylation of ErbB2 by CHIP could play a similar role, possibly targeting ErbB2 for clathrin-independent internalization, as reported for EGFR (Sigismund et al., 2005) . However, in contrast to that report, we found that ErbB2 internalization did not occur via caveolae in SK-BR-3 cells. Furthermore, the finding that GA did not affect the internalization rate of ErbB2 argues against a role for ubiquitylation in internalization.
Relation of ErbB2 endocytosis to other non-clathrin pathways
ErbB2 internalization in SK-BR-3 cells did not occur via caveolae, because these cells lack caveolae (Hommelgaard et al., 2004) . Furthermore, unlike caveolar endocytosis (Henley et al., 1998) and also unlike a pathway used to internalize the interleukin-2 receptor in lymphocytes (Lamaze et al., 2001 ), ErbB2 internalization did not require dynamin. ErbB2 internalization differed from a 'caveolar-like' pathway that operates in cells lacking caveolae (Damm et al., 2005) in that it did not require tyrosine-kinase activity.
ErbB2 internalization was similar to the GEEC and/or CLIC pathways (Kalia et al., 2006; Sabharanjak et al., 2002) in that it did not require clathrin, dynamin or caveolae. In addition, newly internalized ErbB2 colocalized with GPIanchored proteins, CtxB and a fluid-phase marker. Structures containing newly internalized ErbB2 often had the distinctive appearance of CLICs. Nevertheless, in SK-BR-3 cells, internalization of ErbB2 and a fluid-phase marker did not require Rho-family GTPase activity. Independence of Rho-family GTPases in this GEEC-like pathway might reflect cell-type differences, possibly including the transformed state of SK-BR-3 cells.
ErbB2 accumulated in Arf6-Q67L-positive endosomes in control cells, which is in common with cargo of the Arf6-regulated pathway. However, after GA treatment, ErbB2 was transported normally to lysosomes for degradation. Arf6-Q67L might prevent internalized ErbB2 from recycling, causing it to accumulate in swollen vacuoles in the absence of GA, but not inhibit ubiquitinbased sorting into MVBs and downstream transport to lysosomes. Our finding contrasts with an earlier report that indicated that Arf6-Q67L inhibited transport of MHC class I protein and CD59 to lysosomes for degradation (Naslavsky et al., 2004) . The difference might result from the fact that ErbB2, unlike the markers examined in the earlier study, was ubiquitylated.
How ErbB2 might be targeted for internalization
We do not know what targets ErbB2 for internalization by the pathway we have described. A clue might come from the characteristics of the GEEC and/or CLIC pathway(s) (Kalia et al., 2006; Sabharanjak et al., 2002) . Both GPIanchored proteins and CtxB have a high affinity for lipid rafts, or membrane microdomains in the liquid-ordered phase. ErbB2 can be enriched in detergent-resistant membranes, an indication of high raft affinity (Hommelgaard et al., 2004; Nagy et al., 2002; Yang et al., 2004; Zhou and Carpenter, 2001; Zurita et al., 2004) . Thus, a subset of transmembrane proteins with high raft affinity might be targeted to the GEEC and/or CLIC pathways, and to the GEEClike pathway that is followed by ErbB2 in SK-BR-3 cells.
Downstream trafficking of ErbB2
As reported previously (Austin et al., 2004) , ErbB2 was transported to EEA1-positive early endosomes after internalization. These workers also found ErbB2 in vesicles inside MVBs in GA-treated cells, suggesting transport to degradative compartments (Austin et al., 2004) . However, they noted that ErbB2-positive MVBs retained immature characteristics, such as recycling tubules, even after prolonged GA treatment. They were also surprised to see poor colocalization of ErbB2 with the late-endosome marker CD63 (Austin et al., 2004) . By contrast, we saw good colocalization of ErbB2 with CD63 and LAMP1, especially after treatment with leupeptin or chloroquine. ErbB2 degradation was inhibited by chloroquine when blots were probed with extracellular-domainspecific antibodies, confirming previous work (Tikhomirov and Carpenter, 2000; Tikhomirov and Carpenter, 2001 ) and suggesting that the apparent chloroquine insensitivity reported initially (Citri et al., 2002; Mimnaugh et al., 1996; Way et al., 2004) resulted from the inability of blotting antibodies to detect a clipped form of the protein.
In summary, we showed that, after GA treatment, ErbB2 is internalized by a non-clathrin, non-caveolar pathway, and then merges with the classical endocytic pathway for transport to lysosomes and degradation.
Materials and Methods
Cells and transfection
Fluorescence microscopy
Fluorescence microscopy was as described previously (Ostermeyer et al., 2004) except that, for detection of LAMP-1, fixed cells were permeabilized with phosphate-buffered saline (PBS) containing 0.5% saponin and then treated for 10 minutes at room temperature with PBS (150 mM NaCl, 20 mM phosphate buffer, pH 7.4) containing 0.1% sodium borohydride and 0.1% saponin. 0.1% saponin was included in all further incubations.
For internalization assays, antibodies (2 μg/ml) were bound to cells at 4°C for 1 hour before starting internalization by the addition of pre-warmed media. Residual surface-bound antibodies were stripped with acid (100 mM Gly, 50 mM KCl, 20 mM magnesium acetate, pH 2.3), using three washes of 3 minutes each. Fluorescent Tf (35 μg/ml) was either bound to cells with antibodies or included in the media during warming, as indicated.
Images shown were captured and processed by epifluorescence microscopy as described (Ostermeyer et al., 2001; Ostermeyer et al., 2004) , or by deconvolution microscopy using a Zeiss Axiovert 200 deconvolution microscope and processing with Axiovision software (version 4.4). To acquire z-stacks, 25-35 serial images were recorded at 350-nm intervals along the z-axis using a 63ϫ or 100ϫ oil-immersion objective. Out-of-plane fluorescence was removed by deconvolution using the inverse filter algorithm or a modification of the constrained iterative algorithm. Images shown are representative sections from deconvolved z-stacks or maximum intensity projections of z-stacks.
Colocalization analysis was performed on images obtained with a Zeiss LSM 5 Pascal confocal laser-scanning microscope using ImageJ (http://rsb.info.nih.gov/ij) and the JaCoP plug-in (Bolte and Cordelières, 2006) . Manders coefficients M1 and M2, reflecting channel1-channel2 overlap and channel2-channel1 overlap, respectively, are shown in Figs 2H and 5E . Pilot experiments were performed to determine effective maximum and minimum colocalization values. Maximal M1 and M2 values (colocalization of internalized Fl-anti-ErbB2 and Texas-Red-goat antimouse secondary antibodies) ranged from 0.7 to 0.8. Minimal values (colocalization of early endosomes, visualized with Alexa-Fluor-594-Tf internalized for 10 minutes, and the Golgi, visualized with anti-GM130 and dichlorotriazinylaminofluoresceingoat anti-mouse IgG) ranged from 0.05 to 0.20.
CELISA to measure ErbB2, Tf or BSA internalization SK-BR-3 cells seeded in 35-mm dishes the day before the assay (3ϫ10 5 cells/dish) were pretreated with GA and/or other drugs for 45 minutes, except as noted. Biotinylated anti-ErbB2 antibodies (15 μg/ml) were bound for 2 hours at 4°C. After washing with Hanks' balanced salt solution (Invitrogen), prewarmed media was added for various times. Internalization was stopped by washing with ice-cold Hanks' balanced salt solution and transferring dishes to ice. To mask residual surface-bound antibodies, cells were incubated with streptavidin (40 μg/ml) for 1 hour at 4°C. After washing, cells were paraformaldehyde-fixed, permeabilized and blocked as for immunofluorescence microscopy. Cells were then incubated with peroxidaseconjugated streptavidin polymer (1 μg/ml in PBS with 0.05% Tween 20) for 1 hour at room temperature. After washing, SureBlue Reserve tetramethylbenzidine (TMB) substrate (KPL, Gaithersburg, MD) was added for 10 seconds, before stopping the reaction with TMB stop solution and measuring absorbance (450 nm) in a spectrophotometer. Except as noted, background (signal in control dishes left on ice) was subtracted from all values. Assays for biotinylated Tf (75 μg/ml) or BSA (5 mg/ml) uptake were the same, except they were not pre-bound, but added to media for internalization. Tenfold excess unlabeled Tf reduced biotinylated-Tf signal to background after a 20-minute uptake (A.G.O.-F., unpublished).
Other methods
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), transfer to polyvinylidene difluoride, western blotting and detection by enhanced chemiluminescence were as described (Arreaza et al., 1994) . Bands were scanned and quantified using NIH Image. For Fig. 11G ,H, blots were incubated with AlexaFluor-680-conjugated secondary antibodies, and detected and quantified with the Odyssey-Infrared Imaging System (LI-COR Biosciences). 
